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ABSTRACT

Respiratory oscillometry allows measuring respiratory resistance and reactance during tidal breathing
and may predict exacerbations in patients with chronic obstructive pulmonary disease (COPD).
While the Global Initiative for Chronic Obstructive Lung Disease (GOLD) advocates the ABCD
classification tool to determine therapeutic approach based on symptom and exacerbation history,
we hypothesized that in addition to spirometry, respiratory oscillometry complemented the ABCD
tool to identify patients with a high risk of exacerbations. This study enrolled male outpatients
with stable COPD who were prospectively followed-up over 5years after completing mMRC scale
and COPD assessment test (CAT) questionnaires, post-bronchodilator spirometry and respiratory
oscillometry to measure resistance, reactance, and resonant frequency (Fres), and emphysema
quantitation on computed tomography. Total 134 patients were classified into the GOLD A, B, C,
and D groups (n=48, 71, 5, and 9) based on symptoms on mMRC and CAT and a history of
exacerbations in the previous year. In univariable analysis, higher Fres was associated with an
increased risk of exacerbation more strongly than other respiratory oscillometry indices. Fres was
closely associated with forced expiratory volume in 1sec (FEV;). In multivariable Cox-proportional
hazard models of the GOLD A and B groups, either lower FEV, group or higher Fres group was
associated with a shorter time to the first exacerbation independent of the GOLD group (A vs B)
and emphysema severity. Adding respiratory oscillometry to the ABCD tool may be useful for risk
estimation of future exacerbations in COPD patients without frequent exacerbation history.
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Introduction

Chronic Obstructive Pulmonary Disease (COPD) is a disease
of the airway and parenchyma that impairs airflow and
causes morbidity and mortality worldwide [1]. Patients
develop exacerbations that are defined as worsening of respi-
ratory symptoms requiring additional prescription of anti-
biotics and/or systemic steroids. Exacerbations accelerate
lung function decline [2], impair health status [3,4], and
cause poor prognosis [5]. Because the risk of exacerbations
is highly heterogeneous among patients, rigorous risk assess-
ment and appropriate personalized interventions to prevent
future exacerbations are essential to improve clinical out-
comes in patients with COPD.

A history of exacerbations [6], lower forced expiratory
volume in 1sec [FEV,] (< 50% of predicted) [7,8], and
severe symptoms [9] are well-recognized as major predictors
of exacerbations. In 2011, the Global Initiative for Chronic

Obstructive Lung Disease (GOLD) document first proposed
the ABCD assessment tool in which patients were catego-
rized into 4 groups based on FEV,, a history of exacerba-
tions, and symptoms for risk stratification and administration
of appropriate therapeutics. Subsequently, the FEV, criterion
was removed in the update of the ABCD assessment in
2017. However, this simplification appears to reduce the
sensitivity to estimate future risks of patients with COPD.
Oishi et al. [10] showed that a frequency of exacerbations
varies among patients who are categorized as the GOLD A
group (less symptom and no frequent exacerbation history)
and Han et al. [11] showed that a combination of FEV, and
the ABCD assessment predicts mortality more sensitively
than the ABCD assessment alone.

While spirometry is a standard physiological assessment,
the importance of forced oscillation technique (respiratory
oscillometry) is increasingly recognized because respiratory
oscillometry can assess respiratory resistance and reactance
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during tidal breathing unlike spirometry. Additionally, spirom-
etry potentially generates more aerosol than respiratory oscil-
lometry and is difficult to perform in the pandemic of severe
acute respiratory syndrome coronavirus 2 [12]. Moreover, a
baseline impairment in reactance predicts future exacerbations
in a large observational study [13] and an increase in day-to-
day variation of reactance at home-based monitoring sensitively
detects future exacerbations in patients with COPD [14].

It was hypothesized that adding physiological assessments
using respiratory oscillometry to the ABCD assessments
could increase the accuracy of risk estimation of future
exacerbations in patients with COPD. Since the simplicity
of the estimation tool is important in clinical practice and
a portion of patients in the GOLD A and B groups may
carry a higher risk of exacerbations despite the absence of
frequent exacerbation history, this study was aimed at iden-
tifying the best physiological index of respiratory oscillom-
etry, which could subdivide the GOLD A and B groups into
those with and without a higher risk of exacerbations using
longitudinal data of a single center COPD cohort.

Methods
Study design

This study was based on a retrospective analysis of a prospective
cohort study in Kyoto University Hospital [15-17]. Outpatients
with stable COPD were enrolled and underwent pulmonary
function test, including forced oscillation technique (respiratory
oscillometry) and chest computed tomography (CT) between
2011 and 2014. Basic information such as age, body mass index
(BMI), history of smoking, comorbidities, and the number of
exacerbations in the previous year was obtained using a struc-
tured questionnaire. The study was conducted in accordance
with the Declaration of Helsinki. The ethics committee of Kyoto
University approved this study (approval No. E182 and R1660-3),
and all patients provided written informed consent.

Entry criteria

The entry criteria were as follows 1) a smoking history of
210 pack-years; 2) a diagnosis of COPD according to the
GOLD criteria; 3) availability in data of respiratory oscillom-
etry and chest CT with appropriate quality. The exclusion
criteria were as follows 1) alpha-1 antitrypsin deficiency; 2)
coexisting other respiratory diseases, such as current diagnosis
of asthma, interstitial pneumonia and bronchiectasis; 3) his-
tory of COPD exacerbations in the past 4 weeks; 4) a history
of cancer in the past 5years; 5) a surgical history of lobec-
tomy. Because few females were recruited (<10% of all
patients), we excluded females from this analysis.

Clinical evaluation

An exacerbation was defined as a worsening of symptoms
requiring treatment with oral corticosteroids or antibiotics
or both. Following the enrollment of the study, patients were
coached to record the date of worsening of symptoms, taking
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additional medicines including antibiotics and systemic cor-
ticosteroid, and treatments in the emergency room. They
visited the hospital regularly generally every 2 to 3 months
and showed their prescription record to the attending phy-
sicians at each visit. Thus, the number of exacerbations could
be counted precisely. When patients stopped visiting the hos-
pital before the completion of the 5-year follow-up, the infor-
mation about exacerbations from the enrollment to the last
follow-up visit was used for the analyses.

Symptoms and dyspnea were evaluated using questionnaires
such as modified Medical Research Council (mMRC) dyspnea
scale and COPD Assessment Test (CAT) [18,19]. According
to the GOLD 2017, patients with mMRC 0-1 and CAT <10
and exacerbation history 0 or 1 (not leading to hospital admis-
sion) were grouped into GOLD A group, patients with mMRC
>2 or CAT =10 and exacerbation history 0 or 1 (not leading
to hospital admission) were grouped into GOLD B group,
patients with mMRC 0-1 and CAT <10 and exacerbation
history 22 or 21 (leading to hospital admission) were grouped
into GOLD C group, and patients with mMRC 22 or CAT
210 and exacerbation history =2 or 21 (leading to hospital
admission) were grouped into GOLD D group.

Evaluation of respiratory function

Spirometry was performed after inhaling short-acting bron-
chodilators with a Chestac-65V (Chest MI Corp., Tokyo,
Japan) [20]. The predicted pulmonary function values were
calculated using Japanese reference equations [21].
Respiratory oscillometry was measured with a commercially
available device (MostGraph-01, Chest MI Corp., Tokyo,
Japan) after inhaling short-acting bronchodilators. During
the examinations, patients breathed in the seated position
at tidal volume through a mouthpiece with a nose clip while
holding their cheeks to reduce upper airway shunting [22].
The device applied a noise signal to the airway. Data were
recorded for 1min after confirmation of stable breathing.
Using MostGraph-01 software (version 1.31, Chest MI Corp.,
Tokyo, Japan), respiratory system resistance at 5 and 20 Hz
(R5 and R20), reactance at 5Hz (X5), resonant frequency
(Fres), and low-frequency reactance area (ALX) were
obtained at expiration and inspiration, separately. All patients
underwent at least 2 times of respiratory oscillometry to
acquire within 15% variability in R5 and R20, then the best
values of each index were recorded. The predicted values
of respiratory oscillometry were calculated using sex, height,
and BMI based on a recent report by Berger et al. [23] and
% of predicted R5, R20, X5, Fres, and ALX were calculated
for inspiratory and expiratory values (%R5-ins, %R5-exp,
%R20-ins, %R20-exp, %X5-ins, %X5-exp, %Fres-ins,
%Fres-exp, %ALX-ins, and %ALX-exp, respectively).

CT image analysis

Full inspiratory chest CT was performed at the enrollment
with a peak kilovoltage of 120, a 0.5-second exposure time,
and autoexposure control using an Aquilion 64 scanner
(Cannon Medical, Otawara, Japan). Images with a 0.5-mm
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slice thickness were reconstructed with a high-spatial fre-
quency algorithm (FC56). Emphysema was quantified as the
percentage of low attenuation volume less than —-950 HU
to the total lung volume (LAV%) [24-26].

Statistics

Statistical analysis was performed using R software [27].
Data were presented as mean and standard deviation (SD)
(normally distributed variables), median and interquartile
range (non-normally distributed variables), or the number
and percentage (categorical variables). Mann-Whitney U
tests were performed for the comparisons of continuous
indices. Pearson’s Chi-square tests were performed for com-
parisons of categorical variables. Cox proportional hazard
model analysis was performed to identify variables associated
with exacerbations. All continuous variables were normalized
by dividing them by their half SD as previously reported
[28,29]. The false discovery rate (FDR) was calculated to
conceptualize the rate of type I errors when conducting
multiple comparisons. The GOLD A and B patients were
divided according to %FEV, (<50% and >50%) because
<50% of %FEV, is associated with an increased risk of
exacerbation [7,8]. Moreover, the GOLD A and B patients
were also divided according to % of predicted respiratory
oscillometry indices. The cutoff value was determined by
linear regression between %FEV, and each % of predicted
respiratory oscillometry index. The Kaplan-Meier method
and log-rank test were used to compare the exacerbation
rate between subgroups. Multiple pairwise comparisons with
adjustment by Benjamini-Hochberg method were used to
compare Kaplan-Meier curves among more than 2 groups.
Multivariable Cox proportional hazards models were con-
structed to test whether severe impairments in physiological
indices were associated with a shorter time to first exacer-
bation independent of the GOLD ABCD categorization and
potential confounding factors including age, smoking status
(pack-year), BMI, and LAV% on CT [30]. A p-value less
than 0.05 was considered statistically significant.

Table 1. Patients’ characteristics.
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Results
Patient characteristics

Of 147 included in our previous study [16], 13 were excluded
because respiratory oscillometry was not performed.
Supplementary Table S1 shows that clinical characteristics
did not differ between patients included and excluded in
this study. Table 1 shows characteristics of 134 male patients
with COPD included in the present analyses. The numbers
(%) of patients in the GOLD A, B, C, and D groups were
48 (35.8%), 71 (53.0%), 6 (4.5%), and 9 (6.7%), respectively.
Their respiratory oscillometry data are summarized in Table
2 and Supplementary Table S2. The 5-year follow-up was
completed in 94 (70.1%) patients. During the follow-up
(median [interquartile range, IQR] =5 [3.84-5] years), total
208 exacerbations were recorded, and 84 (62.7%) patients
experienced at least one exacerbation. Among patients who
did not complete the follow-up, 21 experienced at least one
exacerbation whereas 19 did not. The median (IQR) of
exacerbation frequency was 0.2 (0-0.6) per patient per year.
Table 3 shows the coefficient of variation (CV) of R5-ins,
R5-exp, R20-ins, R20-exp, Fres-ins, Fres-Ex, ALX-ins, and
ALX-exp in 113 patients whose raw data of multiple mea-
surements of respiratory oscillometry within a day were
available. Regarding the reactance measures, the CV was
smaller in Fres-ins than in Fres-exp, ALX-ins, and ALX-exp
(CV% = 4.3%, 6.0%, 13.1%, and 21.3%, respectively).

Associations of spirometry and respiratory oscillometry
indices with exacerbation in all patients and in
patients without a history of frequent exacerbations
(GOLD A and B)

As shown in Table 4, univariable Cox proportional hazard
models were performed to investigate whether each physiolog-
ical index was associated with an exacerbation occurrence over
5years. To compare the relative impacts between these indices,
normalization was performed by dividing them by their half
SD. Consequently, the hazard ratio (HR) for a decrease in

Characteristics Overall (N=134)

Group A (N=48)

Group B (N=71) Group CD (N=15)

Age (years) 73 (66, 78) 70 (64, 76) 74 (68, 78) 75 (69, 80)
Male (%) 100 100 100 100
BMI (kg/m?) 223 (3.1) 22.7 (2.7) 22.0 (3.4) 22.0 (2.6)
Smoking pack years 54 (42, 76) 58 (45, 75) 48 (37, 68) 64 (50, 84)
mMRC score 1(0, 2) 0 (0, 0) 1(1,2) 1(1,2)
CAT score 10 (5, 18) 4 (2, 6) 15 (11, 22) 10 (7, 17)
FVC (L) 3.05 (0.73) 3.30 (0.83) 2.96 (0.64) 2.72 (0.65)
FEV, (L) 1.62 (0.62) 1.91 (0.67) 1.54 (0.52) 1.05 (0.37)
FEV,/FVC (%) 52 (14) 57 (11) 52 (14) 39 (11)
FEV, (% predicted) 59 (20) 68 (20) 58 (18) 42 (14)
%FEV, <50%, n (%) 47 (35.1%) 10 (20.8%) 26 (36.6%) 11 (73.3%)
A history of exacerbation in 30 21 100
the previous year (%)

LAV% on CT (%) 30 (9) 27 (8) 31 (10) 32 (8)
Follow-up period (years) 4.18 (1.48) 4.19 (1.47) 4.06 (1.59) 4.70 (0.77)
No. exacerbations (/year) 0.37 0.14 0.45 0.67

Data are expressed as means (SD) or medians (IQR) or number (percentage). BMI=body mass index. mMRC=modified Medical Research Council dyspnea scale.
CAT=COPD assessment test. FVC=forced vital capacity. FEV, = forced expiratory volume in 1s. %FEV, = FEV, (% predicted). GOLD=Global initiative for
chronic obstructive lung disease. LAV% = the percentage of low attenuation regions less than -950 HU to the total lung regions.
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Table 2. Patients’ respiratory oscillometry characteristics.

Overall (N=134) Group A (N=48) Group B (N=71) Group CD (N=15)
R5-ins (kPa/L/s) 0.19 (0 14, 0.25) 0.17 (0 13, 0.23) 0.20 (0.14, 0.25) 0.24 (0.18, 0.3)
R5-ins (% predicted) 4 (51, 85) 8 (48, 76) 68 (54, 86) 70 (64, 104)
R5-exp (kPa/L/s) 0.25 (0 19, 0.34) 0. 22 (0.17, 0.3) 0.27 (0.2, 0.36) 0.33 (0.27, 0.34)
R5-exp (% predicted) 89 (68, 117) 77 (57, 101) 91 (72, 119) 98 (86, 125)
R20-ins (kPa/L/s) 0.19 (0 16, 0.23) 0.17 (0 15, 0.24) 0.2 (0.17, 0.23) 0.2 (0.16, 0.25)
R20-ins (% predicted) 6 (56, 82) 1 (55, 84) 69 (58, 80) 65 (56, 79)
R20-exp (kPa/L/s) 0.21 (0 17, 0.26) 0.19 (0 16, 0.26) 0.22 (0.18, 0.26) 0.23 (0.2, 0.24)
R20-exp (% predicted) 3 (61, 91) 8 (56, 90) 76 (63, 92) 73 (66, 80)
X5-ins (kPa/L/s) -0.06 (01 0.04) —-0.06 (0 09, —0.04) —-0.07 (-0.1, —0.05) —-0.11 (-0.16, —0.08)
X5-ins (% predicted) 69 (43, 103) 0 (33, 81) 69 (44, 102) 113 (73, 142)
X5-exp (kPa/L/s) —0.08 (-0.15, —0.03) -0.05 ( 0.1, —0.03) —-0.09 (-0.14, —0.03) —-0.19 (-0.26, —-0.12)
X5-exp (% predicted) 72 (37, 152) 1 (26, 98) 86 (40, 150) 201 (105, 278)
Fres-ins (Hz) 10.41 (8.31, 13.69) 8.82 (7 56, 11.93) 10.97 (8.66, 13.66) 14.75 (11.52, 18.4)
Fres-ins (% predicted) 105 (86, 146) 90 (80, 119) 113 (87, 147) 142 (117, 190)
Fres-exp (Hz) 12.97 (8.32, 19.1) 9.48 (7.3, 14.95) 14.36 (8.54, 19.21) 21.04 (17.2, 23.0)
Fres-exp (% predicted) 133 (86, 196) 97 (75, 154) 141 (89, 196) 223 (167, 249)
ALX-ins (Hz*kPa/L/s) 0.29 (0.17, 0.52) 0.21 (0.13, 0.39) 0.32 (0.19, 0.52) 0.73 (0.36, 1.31)
ALX-ins (% predicted) 167 (96, 303) 134 (67, 219) 181 (104, 325) 345 (203, 740)
ALX-exp (Hz*kPa/L/s) 0.41 (0.13, 1.11) 0.21 (0.1, 0.56) 0.58 (0.14, 1.02) 1.51 (0.86, 2.53)
ALX-exp (% predicted) 230 (85, 635) 120 (47, 313) 296 (93, 629) 1009 (351, 1495)

Data are expressed as means (SD) or medians (IQR), % = percentage of predicted values. R5=resistance at 5Hz. R20=resistance at 20Hz. X5=reactance at
5Hz. Fres=resonant frequency. ALX=low-frequency reactance area. ins=inspiration. exp = expiration.

Table 3. The coefficient of variation of multiple respiratory oscillometry measurements within a day.

Coefficient of variation (%)

5.96 (3.01, 12.48)
6.55 (3.27, 14.03)
5.73 (2.56, 10.57)
6.22 (2.81, 12.46)
6.20 (3.47, 11.69)
4.88 (2.60, 7.65)

ALX-exp (Hz*kPa/L/s) 23.52 (11.92, 41.38)
ALX-ins (Hz*kPa/L/s) 15.25 (9.67, 25.24)

Data are expressed as medians (IQR). R5=resistance at 5Hz. R20=resistance at 20 Hz. Fres =resonant frequency. ALX =low-frequency reactance area. Ins=inspi-
ration. Exp =expiration.

Variables

R5-exp (kPa/L/s)
R5-ins (kPa/L/s)
R20-exp (kPa/L/s)
R20-ins (kPa/L/s)
Fres-exp (Hz)
Fres-ins (Hz)

Table 4. Univariable cox proportional hazard models to explore an association of physiological indices with a risk of future exacerbations.

All patients GOLD A and B groups
Variables HR 95%Cl P value FDR HR 95%Cl P value FDR
%FEV, 1.36 1.21-1.53 <.001 <.001 1.33 1.18-1.50 <.001 <.001
%FVC 1.16 1.04-1.30 <.01 0.07 1.16 1.03-1.31 0.01 0.03
%R5-ins 1.12 1.01-1.24 0.03 0.04 1.10 0.99-1.23 0.07 0.12
%R5-exp 1.08 0.98-1.18 0.1 0.16 1.08 0.97-1.19 0.17 0.24
%R20-ins 1.02 0.91-1.14 0.78 0.99 1.00 0.89-1.13 0.99 0.99
%R20-exp 1.01 0.91-1.13 0.82 0.96 1.00 0.89-1.12 0.96 1.00
%X5-ins 1.19 1.08-1.32 <.001 <.01 1.16 1.04-1.29 <.01 0.02
%X5-exp 1.13 1.04-1.23 <.01 0.02 1.10 1.01-1.21 0.04 0.08
%Fres-ins 1.18 1.08-1.29 <.001 <.001 1.19 1.08-1.31 <.001 <.01
%Fres-exp 1.20 1.10-1.32 <.001 <.001 1.19 1.08-1.32 <.001 <.01
%ALX-ins 1.18 1.08-1.29 <.001 <.001 1.15 1.04-1.26 <.01 0.01
%ALX-exp 1.11 1.02-1.20 0.02 0.03 1.08 0.99-1.18 0.08 0.12

HR =hazard ratio. Cl=confidence interval. % = percentage of predicted values. FEV, = forced expiratory volume in 1s. FVC=forced vital capacity. R5 =resistance
at 5Hz. R20=resistance at 20 Hz. X5=reactance at 5Hz. Fres=resonant frequency. ALX =low-frequency reactance area. ins=inspiration. exp = expiration. Each
variable was normalized by dividing by the half standard deviation.

decrease in %FEV, (HR, 1.33; 95% CI, 1.18-1.50; p<0.001;
FDR < 0.001), increases in %Fres-ins (HR, 1.19; 95% CI,
1.08-1.31; p<0.001; FDR < 0.01) and %Fres-exp (HR,1.19; 95%
CI, 1.08-1.32; p<0.001; FDR < 0.01) showed the highest HR
among all physiological indices. Regarding CT imaging, the
extent of emphysema assessed as LAV% also showed an
increase in HR (HR = 1.21; 95% CI = 1.09-1.34; p<0.01).

%FEV, (HR,1.36; 95% CI 1.21-1.53; p<0.001; FDR < 0.001)
and an increase in %Fres-exp (HR, 1.20; 95% CI, 1.10-1.32;
p<0.001; FDR < 0.001) followed by those for increases in
%Fres-ins (HR, 1.18; 95% CI, 1.08-1.29; p<0.001; FDR < 0.001)
and %ALX-ins (HR, 1.18; 95% CI, 1.08-1.29; p<0.001; FDR <
0.001) were higher than HR for the other indices. When the
same analysis was limited to the GOLD A and B groups, a
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Respiratory oscillometry-based categorization and
exacerbation occurrences in patients without a history
of frequent exacerbation (GOLD A and B)

To determine the cutoff value of %Fres-ins to divide the
GOLD A and B groups, the linear regression between %FEV,
and %Fres-ins was performed. There was a close association
between %FEV, and %Fres-ins (r=-0.70, p<0.001 on
Pearson’s correlation test). Figure 1A shows that 50% in
%FEV, corresponded to 135% in %Fres-ins. Figure 1B shows
representative data of respiratory reactance in the GOLD B
patients with high and low %Fres-ins (253% and 70%,
respectively). Table 5 compares clinical features between
high and low %Fres-ins in the GOLD A and B patients. In
the GOLD A group, patients with high %Fres-ins had lower
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BMI and %FEV,. In the GOLD B group, patients with high
%Fres-ins had lower BMI and %FEV, and higher LAV%
than those with low %Fres-ins.

Figure 2 compares the time to the first exacerbation
when the Group A and B patients were divided into those
with mild and severe physiological impairments based on
%FEV, (250% and <50%) or the % Fres-ins (2135% and
<135%). Consequently, the time to the first exacerbation
in the Group B with low FEV, was shorter than that in
the Group B with high FEV,, but comparable to that in
the Group C and D. Moreover, the time to the first exac-
erbation in the Group B with high Fres was shorter than
that in the Group B with low Fres, but comparable to that
in the Group C and D.

Reactance Reactance

t
il ””” ||"u|
nhll il

\‘w |
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ory resonant frequency in patients with COPD and colored 3-Dimensional visual-

ization of respiratory changes in reactance in GOLD group B patients.(A) % of predicted forced expiratory volume in 1s (%FEV,) was associated with % predicted
of resonant frequency at inspiration (%Fres-ins). The linear regression showed that 50% in %FEV, corresponded to 135% in % Fres-ins. (B) Colored 3-Dimensional
visualization of respiratory changes in reactance in GOLD group B patients with low inspiratory resonant frequency (Fres-ins, 70%, left) and high Fres (253%,

right).

Table 5. Clinical and physiological comparisons between patients with high and low inspiratory resonant frequency.

Group A with low

Group A with high

Group B with low Group B with high

Characteristics %Fres-ins (N=39) %Fres-ins (N=9) %Fres-ins (N=46) %Fres-ins (N=25)
Age (years) 70 (63, 75) 1(67,77) 5 (69, 77) 73 (67, 79)
Male (%) 100 100 100 100
BMI (kg/m?) 23 0 (2.4) 21.2 (3.5)* 22 9 (3.6) 20.4 (2.4)**
Smoking pack years (45 76) 50 (45, 60) (36 71) 48 (38, 64)
mMRC score 0(0, 0) 0(o, 1) 1(1,2) 1(1,2)
CAT score ( 6) 5(3, 8 (10 20) 16 (12, 23)
FEV, (% predicted) 4 (16) 2 (10)** 6 (16) 42 (11)**
A history of exacerbation in 17.9 333 19.6 24
the previous year (%)
LAV% on CT 26 (7) 31 (11) 28 (9) 37 (8)**

Data are expressed as means (SD) or medians (IQR) or number (percentage).

%Fres-ins = % predicted of resonant frequency at inspiration. BMI=body mass

index. mMRC=modified Medical Research Council dyspnea scale. CAT=COPD assessment test. FEV, = forced expiratory volume in 1s. LAV% = the percentage
of low attenuation regions less than -950 HU to the total lung regions. * p<0.05 compared with patients with the same GOLD group. ** p<0.001 compared

with patients with the same GOLD group.

As shown in Table 6, multivariable Cox proportional
hazards models were constructed to test whether low %FEV,
group and high %Fres-ins group were associated with an
exacerbation occurrence independent of the GOLD ABCD
categorization and other potential confounding factors. Due
to a close correlation between %FEV, and %Fres-ins as
shown in Figure 1A, %FEV, and %Fres-ins were separately

included in the models to avoid collinearity. The results
revealed that %FEV, <50% (HR, 1.81; 95% CI, 1.01-3.25;
p<0.05) and high %Fres-ins >135% (HR, 1.85; 95% CI,
1.11-3.07; p=0.018) were significantly associated with a
shorter time to the first exacerbations, independent of age,
BMI, smoking packyear, LAV%, and the GOLD group (A
vs B). In these models, the GOLD group (A vs B) was
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Figure 2. Further categorization of the GOLD A and B groups using FEV; and resonant frequency to compare the time to the first future exacerbation over
5years.(A) Based on a cutoff of 50% for % of predicted forced expiratory volume in 1s (%FEV,), the GOLD A and B groups were further divided into Group A
with high FEV,, Group A with low FEV,, Group B with high FEV, and Group B with low FEV,. A Group C D indicates a combined group from the GOLD C and
D groups. (B) Based on a cutoff for % predicted of resonant frequency at inspiration (%Fres-ins = 135%), the GOLD A and B groups were further divided into
Group A with high Fres, Group A with low Fres, Group B with high Fres, and Group B with low Fres.

Table 6. Multivariable Cox proportional hazard models to explore relative contributions of baseline physiological impairments to future exacerbations.

Model 1 Model 2
Age 1.03 (0.90-1.18) 1.02 (0.90-1.17)
Smoking pack-years 1.11 (0.98-1.26) 1.12 (0.99-1.27)
BMI 1.02 (0.89-1.18) 1.05 (0.91-1.22)
)

LAV% on CT

GOLD A group
GOLD B group
%FEV, > 50 %
%FEV, < 50 %

1.08 (0.93-1.25)
1 (reference)
242 (1.41-4.14)*
1 (reference)
1.81 (1.01-3.25)*

1.12 (0.98-1.28
1 (reference)

2.26 (1.32-3.85)*

%Fres-ins < 135% - 1 (reference)
%Fres-ins > 135% - 1.76 (1.01-3.08)*

Data are expressed as HR (95% Cl). HR=hazard ratio. Cl=confidence interval. BMI =body mass index. LAV% = low attenuation volume percentage. GOLD = Global
initiative for chronic obstructive lung disease. %FEV, = % of predicted forced expiratory volume in 1s. %Fres-ins = % predicted of resonant frequency at

inspiration. Each continuous variable was normalized by dividing by the half standard deviation. * p <0.05.

associated and LAV% tended to be associated with a shorter
time to the first exacerbation. Moreover, Supplementary
Table S3 and S4 shows that %Fres-exp > 170% (HR, 1.74;
95% CI, 1.02-2.96; p<0.05) was also associated with a
shorter time to the first exacerbation independent of age,
BMI, smoking packyear, LAV%, and the GOLD group (A
vs B) whereas X5, ALX, R5, and R20 were not.

Discussion

This study showed that in addition to FEV,, respiratory
oscillometry indices were associated with exacerbation
occurrences in patients categorized in the GOLD A and
B groups. Moreover, the multivariable Cox proportional
hazard models of these patients showed that lower FEV,
and higher Fres were significantly associated with a shorter
time to the first exacerbation during the 5-year follow-up
even after adjustment for the GOLD group (A vs B), age,
smoking history, BMI, and emphysema severity on CT.

Both spirometry and respiratory oscillometry were used
in this study based on the assumption that respiratory
oscillometry and spirometry potentially reflect different
physiological aspects in patients with COPD. Respiratory
oscillometry allows evaluating respiratory mechanics by
measuring pressure and airflow and providing the imped-
ance that comprises the respiratory system resistance and
reactance [31]. While the respiratory resistance assessed
using R5 and R20 mainly reflects airway lumen caliber,
the respiratory reactance assessed using X5, Fres, and
ALX, reflects the elastic and inertial properties of lung
[32,33].

Despite the distinct features in spirometry and respiratory
oscillometry, no difference was found in terms of risk assess-
ments of exacerbations. Moreover, there was a close asso-
ciation between %FEV, and %Fres-ins. This is consistent
with a previous report [34]. These suggest that respiratory
oscillometry could be an alternative method to monitor lung
function and estimate clinical outcomes periodically in
patients with COPD.
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The reactance on the respiratory oscillometry is affected
by emphysema in patients with COPD as emphysema alters
the elastic property of the lungs [33]. Additionally, the
reactance reflects ventilation inhomogeneity that is induced
by both emphysema and airway disease [33,35,36]. Because
emphysema, airway disease, and ventilation defects are asso-
ciated with a high risk of exacerbations [30,37], this study
focused on the reactance. The univariable cox proportional
hazard models of the GOLD A and B patients also showed
that %Fres-ins and %Fres-exp had higher HR values than
the other oscillation indices. Therefore, Fres was selected
as the main respiratory oscillation index.

The intra-individual variability (CV) of Fres-ins was
smaller than that of other reactance indices such as Fres-exp,
ALX-ins, and ALX-exp. This is consistent with a previous
study that showed a relatively smaller CV of Fres (10%)
than that of ALX (26%) [38]. A previous study showed that
the respiratory oscillometry remains constant over 3 months
but is relatively more variable than FEV, [13]. And a study
using home-based monitoring of respiratory oscillometry
showed that a variability of the respiratory oscillometry is
useful for early detection of exacerbations [14]. Further
studies are needed to reveal the nature and clinical relevance
of a variability of the respiratory oscillometry.

Previous studies showed associations of the respiratory
oscillometry indices with clinical features in patients with
COPD. In the ECLIPSE study including 2054 patients with
COPD [13], FEV,/FVC and %FEV, were lower than in this
study (45% vs 52%, and 48% vs 59%) while R5 and Fres
were higher (R5=0.49 and Fres = 20.7 in the ECPIPSE and
R5-ins = 0.21, R5-exp = 0.27, Fres-ins = 11.7, and Fres-exp
= 14.21 in this study). This suggests that the respiratory
oscillometry values in this study are reasonable for the spi-
rometry severity. Moreover, the data in Table 5 showed that
LAV% (emphysema severity) was higher in the GOLD B
group patients with high %Fres-ins than in those with low
%Fres-ins whereas LAV% did not significantly differ between
the GOLD A group patients with high and low %Fres-ins.
This is in line with the finding in the ECLIPSE study that
showed weak associations between emphysema and respira-
tory system impedance in patients with COPD.

In this study, 36% and 53% patients were assigned to the
GOLD A and B groups, respectively, and only 11% patients
were assigned to the GOLD C and D groups. The lower
rate of frequent exacerbations is consistent with former
studies in Japan [39]. Moreover, the found prevalence of
the GOLD A group (36%) is inconsistent with the previous
report by Oishi et al. who showed that 49% was assigned
to the GOLD A group. This inconsistency is because this
study used both mMRC and CAT, whereas the study by
Oishi et al. used only mMRC. Although previous studies
have used only mMRC to evaluate symptoms [10,11,40],
mMRC <2 cannot correspond to CAT < 10 [41]. Thus, the
single use of mMRC would vyield different outputs compared
to the method using both mMRC and CAT. Furthermore,
in another study that used both mMRC and CAT for symp-
tomatic evaluation, the prevalence of the GOLD A group
was 60% patients [42], which is higher than that of this
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study. We postulate that the different study locations and
medical facility (university hospital versus community hos-
pital) in the two studies have affected the discrepancy.

Regarding the mechanistic link between physiological
impairments and exacerbations in patients with COPD, Zider
et al. performed a meta-analysis and showed that an increase
of 100ml in FEV, by bronchodilators reduced the rate of
exacerbation by 21% (n=80718, p<0.001) [43]. Those
authors suggested that increased airway patency by bron-
chodilator improves clearance of secretions and diminishes
bacterial colonization, which can decrease airway inflam-
mation and exacerbation risks. Therefore, we postulate that
worsening of FEV, and Fres-Ins can reflect impairment in
airway patency and predict future exacerbation in patients
in the GOLD A and B groups. Moreover, because the reac-
tance is associated with the closure of airways during breath-
ing and airway closure is associated with lung hyperinflation
[44,45], the found association between Fres-ins and exacer-
bation risks suggests that greater airway closure increases
lung hyperinflation and predispose to further exacerbations
in patients with COPD.

The Kaplan Meier curves showed less clear separation in
the Group A patients with high and low %Fres-ins (or
%FEV,) than in the Group B patients. This might be because
the risk of exacerbations is lower in less symptomatic
patients (GOLD A) than symptomatic patients (GOLD B)
[46] and this lower risk of exacerbations might outweigh
the impact of impaired lung function.

The multivariable models showed that in addition to
physiological impairments on respiratory oscillometry and
spirometry, the GOLD group (A vs B) was also associated
and LAV% tended to be associated with the time to the
first exacerbation. These findings are consistent with previ-
ous data showing that symptoms and emphysema on CT
are associated with exacerbations [9,30,47]. However, BMI
was not associated with exacerbation in the same model
although studies have shown associations between low BMI
and a risk of exacerbations [47,48]. These are possibly
because the impacts of physiological impairments, symptoms,
and emphysema on exacerbations may be larger than those
of BMI in patients with COPD.

There were some limitations in this study. First, the sam-
ple size was relatively small. Because the present cohort
included very few females (<10% of the total number), we
decided to include only males in the study. The generat-
ability of the present findings to female patients with COPD
is unclear. Second, this study used the prediction equations
of respiratory oscillometry indices generated by Berger et al.
[23] who used a larger cohort of healthy urban subjects.
However, the subjects in that study were younger (age
46.7 years), taller (height 1.77m) and had a higher BMI
(26.5kg/m?), than those in this study. Moreover, although
this study measured the inspiratory and expiratory respira-
tory oscillation data, separately, the equation by Berger et al.
did not provide predicted values at inspiration and expira-
tion. To investigate whether different equations could affect
the present findings, we reanalyzed the respiratory oscillation
data. When using prediction equations generated from
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Chinese subjects [49], we found that high %Fres-ins was
associated with exacerbation occurrences in the GOLD B
patients (Supplementary Figure S1A). Additionally, although
the number of subjects was small, a study in Norway
reported prediction equations that allowed differentiation
between inspiration and expiration [38]. By using those
equations, we also confirmed that the results were not
changed (Supplementary Figure S1B). While we acknowledge
that making prediction equations for our study population
is extremely important, we believe that influences of the
selection of prediction equations on the present findings
might be small.

In conclusion, the reactance index on respiratory oscil-
lation such as inspiratory Fres was closely associated with
FEV, on spirometry and higher Fres was associated with a
shorter time to the first exacerbations independent of the
GOLD group (A vs B) in COPD patients with no frequent
exacerbation history. Physiological evaluation using respira-
tory oscillometry may be useful to estimate a risk of exac-
erbations in patients with COPD.
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